midlatitude low pressure systems provide much of the precipitation received in the planet's temperate zones, and hence have an important effect on the availability of freshwater. Indeed, the earliest conceptual models of extratropical cyclone structure and development arose out of the need to understand patterns of rainfall, and over the past two centuries, research on extratropical cyclones has highlighted the continued need for understanding the distribution of clouds and precipitation associated with these storms.
During the mid-to late 1800s, an increased understanding of the thermodynamics of the atmosphere and, in particular, the energy released through the process of the condensation of water vapor, paved the way for one of the first conceptual models of the development of extratropical cyclones. In what has since been referred to as the thermal theory of cyclones (Kutzbach 1979) , it was speculated that diabatic heating associated with widespread precipitation produced troposphere-deep ascending motion, leading to the low-level convergence and upper-level divergence that characterize midlatitude low pressure systems. By the turn of the century, an increasingly widespread observing network demonstrated the asymmetric nature of clouds, precipitation, and low-level circulation in low pressure systems, and conceptual models were modified accordingly. Though the understanding of the processes that drive extratropical cyclone development has continued to evolve, observations of the internal structure of frontal clouds and precipitation have been few and far between. With the addition of Cloudsat (Stephens et al. 2002) to the National Aeronautics and Space Administration's (NASA's) A-Train in April 2006, new and truly global observations of the internal structure of clouds and precipitation are now available. A few of the new insights that these observations provide on the structure of clouds in extratropical cyclones are highlighted in this paper.
A BRIEF HISTORY OF EXTRATROPICAL C YC L O N E R E S E A R C H F R O M T H E NORWEGIAN CYCLONE MODEL TO THE
PRESENT. The advent of vertical soundings, coupled with the increased physical understanding of atmospheric processes and the development of the telegraph network, culminated in the Norwegian Cyclone Model (NCM) in the early 1920s (Bjerknes and Solberg 1922; Fig. 1) .
1 This was the first conceptual model to document cyclone evolution from inception to decay. In addition, the NCM provided a remarkably accurate depiction of the three-dimensional structure of fronts, describing the near-discontinuous demarcation between different air masses, and giving a reasonable, albeit qualitative, explanation for the observed distribution of clouds and precipitation in midlatitude storms. Though attention quickly shifted from the analysis of rainfall to attempts to understand the origin and nature of the circulations observed in cyclones, a key component of the observational support for the NCM was the distribution of clouds and precipitation associated with cold, warm, and occluded fronts.
The rise of numerical models as tools for analysis and forecasting provided renewed impetus for the study of clouds and precipitation in extratropical cyclones in the middle of the twentieth century. These models allowed for the examination of the role of various physical processes in cyclone development, in particular, latent heat release and cloud effects on radiation. Multiple studies noted that latent heat release not only contributed to the intensity of low pressure systems and the rapidity of cyclogenesis (Smagorinski 1956; Krishnamurti 1968; Tracton 1973; Chang et al. 1982; Reed et al. 1988; Kuo et al. 1991; Davis 1992; Whittaker and Davis 1994; Stoelinga 1996) , but also acted to change the spatial patterns of surface pressure and precipitation, as well as the structure and evolution of fronts (Baldwin et al. 1984; Dudhia 1993; Posselt and Martin 2004; Reeves and Lackmann 2004) . It was also found that changes in the cloud effect on radiative fluxes could have a significant effect on the development of baroclinic waves. In particular, Simmons (1999) showed that an overproduction of upper-tropospheric cloudinduced cooling led to the anomalous enhancement of a simulated upper-level wave and the prediction of a strong cut-off low pressure system that was not subsequently observed. After decades of analysis, it is now well known that clouds, precipitation, and the associated latent heat release and effect on visible and infrared fluxes play a key role in cyclone formation and evolution. However, the specifics of the effect of clouds on extratropical cyclone dynamics is still not completely understood. This is, in part, due to the nonlinear feedback between latent heat release, radiation, and circulation, and also the fact that the fidelity of the numerical representations of clouds and precipitation critically depends on the model's physical parameterizations (Simmons 1999; Lackmann et al. 2002; Mahoney and Lackmann 2006) .
Along with numerical models, observational studies have played a key role in understanding the distribution of clouds and precipitation in extratropical cyclones. Field experiments [e.g., the Fronts and Atlantic Storm Track Experiment (FASTEX); Joly et al. 1997 Joly et al. , 1999 have revealed the tremendous range of cyclone features that exist in nature, as well as the high degree of spatial and temporal variability of clouds and precipitation. Conversely, satellite composites have been effectively used to aggregate observed cyclones into various categories, and have aided in the development of modern conceptual models (Lau and Crane 1995, 1997; Browning 1999; Tselioudis et al. 2000; Tselioudis and Rossow 2006; Field and Wood 2007) . Though current observations can provide information on the extent of clouds for a range of cyclone types, to effectively assess the effects of clouds on cyclone evolution, it is essential to have information on the internal structure of clouds. It is the vertical distribution of condensate that determines the characteristics of the cloud radiative forcing, and lends insight into the vertical structure of condensational heating. Though highquality radar and dropsonde datasets were collected during FASTEX, and the Weather Surveillance Radar-1988 Doppler (WSR-88D) network provides near-continuous geographic and temporal coverage over the continental United States, truly global observations of the internal structure of clouds have thus far been lacking. (downward)-pointing radar that operates at a wavelength of approximately 3 mm (94-GHz frequency). The relatively short wavelength (as compared with the 10 cm used for NEXRAD) and large range of sensitivity (from -30 to +50 dBZ) 2 is designed to allow the CPR to observe a wide range of cloud types and thicknesses. The radar has a footprint that measures 1.4 km across track by 3.5 km along track at the surface, with a pulse width of 3.3 μs (pulserepetition frequency of 4,300 Hz) and vertical range bins of 250 m. Data are averaged every 0.16 s along track, are quality controlled, and can be obtained online from the Cloudsat data processing center. Temperature, water vapor, and ozone profiles from the European Centre for Medium-Range Weather Forecasts (ECMWF) operational analysis are time and space interpolated to the Cloudsat track, and top-of-the-atmosphere visible and infrared radiances from channels 20 and 27-36 on the Aqua Moderate-Resolution Imaging Spectroradiometer (MODIS) instrument are matched to Cloudsat CPR data. In addition to radar reflectivity, a growing number of retrieved cloud parameters are computed and archived as part of the Cloudsat dataset; these include cloud classification, cloud liquid and ice water content, cloud optical depth, and long-and shortwave radiative fluxes and heating rates. [For a detailed description of each dataset available in the Cloudsat data stream, the reader is referred to the online Cloudsat Data Processing Center (www. cloudsat.cira.colostate.edu/index.php).]
In the analysis presented below, the Cloudsat 2B-GEOPROF (Mace et al. 2007, hereafter MAC) and ECMWF ancillary (ECMWF-AUX) datasets are used to construct cross sections, and ECMWF global analyses at 0.5° resolution are used to construct plan views. Precipitation rate is derived from measured CPR attenuation (Haynes and Stephens 2007) . Because this is a relatively new technique, and because the Cloudsat precipitation retrievals have not been extensively tested, we will depict the precipitation rate as being either light (< 1 mm h ). We also note that, although the effects of surface clutter above 500 m from the surface have been removed in the latest version of 2B-GEOPROF (version R04), for reasons discussed in MAC the presence of surface clutter in earlier versions of the CPR data restricts the use of Cloudsat radar reflectivity to regions above 1 km above the Earth's surface.
CLOUDSAT OBSERVATIONS OF FRONTAL CLOUDS AND PRECIPITATION.
To demonstrate the facility of Cloudsat for observing clouds and precipitation in frontal zones, we present three distinct cases in which Cloudsat intersected a frontal feature in a North Atlantic oceanic cyclone. Though a vast array of different observed and simulated mesoscale extratropical frontal features have been reported in the literature, cold, warm, and occluded fronts are the three key features of the NCM, and we make these the focus of our analysis here. In the discussion that follows, we examine each type of front in light of the NCM, and characterize the distribution of clouds and precipitation as viewed from Cloudsat. As we mentioned above, output from numerical models is often used to diagnose the physical processes associated with observed cyclone features. Observations, in turn, are used to evaluate the performance of models, and lead to improvements in their ability to realistically represent the real world. Because Cloudsat observes the details of the internal structure of clouds, it offers a unique opportunity to assess modelsimulated clouds and precipitation. Hence, for each case described below, we demonstrate how Cloudsat can be used to evaluate numerical representations of clouds and precipitation. Specifically, we use the radar simulator package described in Haynes et al. (2007) to compute Cloudsat radar ref lectivity from ECMWF-analyzed cloud liquid and ice content fields, and then compare the result with that which Cloudsat observed. It should be noted at the outset that 1) the ECMWF fields used in the comparison were gridded at a coarser resolution than is used in the operational model, and 2) falling precipitation was not available in the analysis datasets. Consequently, the comparisons documented below should be viewed as being strictly qualitative in nature. (Fig. 2 ) depict a broad upper-level low pressure system with two distinct embedded shortwaves. Examination of the mean sea level pressure distribution (Fig. 3) indicates a storm that is well occluded with the surface low pressure center located directly beneath the upper-level low, and with the center of lowest pressure at the surface well separated from the intersection of cold and warm fronts. The cold front is clearly visible at low levels as an enhanced potential temperature gradient with an attendant wind shift and a distinctive kink in the mean sea level pressure isobars. The Cloudsat track is shown in the dashed red line in both figures, and can be seen to cross the front at approximately 41°N latitude and 37°W longitude.
The observed CPR reflectivity along the segment of the track that immediately intersects the cold front (depicted in the solid line in Figs. 2 and 3) is shown in Fig. 4a , and is overlaid with contours of equivalent potential temperature computed from the ECMWF analysis.
3 The cross section reveals a classic cold-frontal structure, with an enhanced thermal-moisture gradient at the frontal boundary, decreased thermal stratification ahead of the front, and increased stratification behind. Shallow convection can be observed in the cold and relatively unstable air to the north of the front, as can the deep convection associated with the narrow region of instability at the front's leading edge. A comparison with Fig. 1 reveals that the general cloud distribution is reasonably similar to that of the NCM cold front, with deep convection in a region approximately 100 km wide at the front's leading edge, and cirrus aloft that extends to a distance of approximately 300 km from the surface front. However, while the NCM realistically represents the form of the observed cloud, the Cloudsat radar reflectivity reveals additional details of the internal structure of the cloud. Note the presence of multiple precipitating low-level convective showers in the cold air behind (to the north of) the front, as well as the presence of small-scale regions of more intense reflectivity embedded within the region of deep convection. It is particularly interesting that the regions of the largest reflectivity just to the north of the surface front are not uniformly associated with the largest precipitation rates, which is an indication that there is an abundance of relatively large particles suspended in this region. It is also interesting that the cirrus cloud content does not decrease smoothly with increasing distance south of the front, but instead exhibits pockets of relatively high reflectivity, possibly indicating the presence of multicellular or episodic convection. Note also that a majority of the widespread shallow convective clouds embedded in the weakly stratified cold air behind the front appear to be producing precipitation at the surface. These clouds are commonly found in the cold air behind a cold front, particularly in oceanic cyclones, and were not described in the NCM. Ref lectivity simulated from ECMWF clouds is shown in Fig. 4b . While the model representation clearly suffers from the relatively coarse nature of the gridded analysis (0.5° × 0.5° in the horizontal), the general cold-frontal cloud structure is represented quite well. The primary difference appears to be the absence of discrete pockets of enhanced reflectivity in the simulated convection and cirrus, which may be due to the coarse analysis grid. In addition, there is an anomalously large reflectivity in the simulated prefrontal low cloud, and the post-frontal shallow convection is not effectively resolved by the model. Thorncroft and Hoskins 1990 ; Orlanski and Chang 1993; Decker and Martin 2005; Mailier et al. 2006) , and in the case examined above, the trailing cold baroclinic zone was associated with another developing wave to its southwest located near the east coast of North America. As of 1800 UTC, the upperlevel circulation associated with this storm was cut off from the main upper-level flow (Fig. 5) , and was located just off of the coast of South Carolina. At low levels (Fig. 6) , a relatively weak low pressure center can be seen directly beneath the upper-level low, with a warm-frontal structure that stretched from Cape Hatteras east-northeast into the Atlantic Ocean. At this time, the front can be clearly identified in the strong lowlevel thermal gradient, as well as in the kinked sea level pressure isobars, and in the low-level wind shift. An examination of the CPR radar ref lectivity and ECMWF equivalent potential temperature (Fig. 7a ) reveals a broad area of cloud and precipitation along and ahead of the warm front itself. The warm edge of the front is clearly evident in the thermal-moisture contrast at approximately 39°N latitude, as is the classic sloping distribution of the cloud, which thins with increasing vertical and horizontal distance, starting approximately 300 km north of the surface front. In addition to the physical thinning of the cloud, there is a pronounced decrease in reflectivity with increasing distance from the surface front, indicating an associated decrease in cloud liquid and ice water content.
Though the general distribution of clouds along the warm front resembles those in the NCM, Cloudsat reveals details not seen in the Norwegian model. Specifically, the cloud top slopes upward with height in the NCM, while the observed cloud-top height remains relatively constant. In addition, large variability in the reflectivity (and, by association, the cloud water content) is visible, as is the presence of embedded regions of enhanced reflectivity inside the cloud, which are generally associated with increased precipitation rate at the surface. Note also the enhanced region of reflectivity that persists near the base of the cloud with increasing distance from the warm front, which is an indication that large ice particles are settling into the lower regions of the cloud. 4 It is interesting to note the extensive region of cloud to the south of the surface warm front, which is likely associated with ascending motion near the intersection of warm and cold fronts at low levels, and is embedded in a region of weak static stability. This region is producing less precipitation than the cloudy region that is directly on top of the warm front, though the values of reflectivity are similar. Examination of the three-dimensional wind field from the ECMWF analysis (not shown) reveals this to be part of the warm conveyor belt airstream (Harrold 1973; Wernli and Rossa 1994; Browning 1999 ), which had not yet been identified at the time of the NCM, but has been well described since.
Examination of simulated ref lectivity fields (Fig. 7b) reveals that, as in the cold-frontal case, the distribution of the clouds in the region around the front is well represented in the analysis. The notable exception is the lack of reflectivity below the 5-km level to the north and south of the surface front. It is possible that this discrepancy is due to the lack of suspended precipitation in the analysis; rain is assumed to fall out of the atmosphere immediately in the model.
Occlusion: 0600 UTC 5 December 2006.
Perhaps the most strongly debated component of the NCM is its description of the occlusion process, which describes the formation of an occluded front as the cold front that overtakes and intersects the warm front. At approximately 0600 UTC 5 December 2006, Cloudsat intersected the occluded sector of a mature cyclone off the east coast of North America. This storm was associated with a shortwave trough over Nova Scotia, Canada, that was embedded in a larger region of low pressure aloft (Fig. 8) , centered over far northern Quebec, Canada. Though the upper-level shortwave trough is relatively innocuous in appearance, there is a deep surface disturbance at this time (Fig. 9) , with a minimum central pressure of 972 hPa and a well-developed 950-hPa thermal ridge. The low-level baroclinic zones exhibit evidence of the frontal fracture process described by Shapiro and Keyser (1990) , with a noticeable weakening in the potential temperature gradient at the northern portion of the cold front, and with the strongest thermal contrast located north and east of the cyclone center in the occluded sector. Cloudsat intersected the occluded sector near the cyclone center at approximately this time, and the cross section along a portion of the Cloudsat track is depicted in Fig. 10a . It is immediately apparent that the observed distribution of clouds differs markedly from the NCM; in the NCM, clouds are located in the warm air that has been forced upward by the intersection of fronts (Fig. 1) . In this case, the cloud distribution is consistent with the Shapiro and Keyser conceptual model; both the cloud field and thermal structure exhibit characteristics that are similar to those of the warm front in Fig. 7a , with decreased thermal stratification ahead of the surface front and a gradually sloping distribution of cloud that begins to decrease in thickness approximately 300 km north of the front's leading edge. The distribution of precipitation associated with this cloud feature is qualitatively similar to that of the warm front above (Fig. 7a ), but we note that the precipitation rate is lower in this case. It is interesting to note that, in contrast to the warmfrontal case, there is a narrow band of shallow convection near the southern edge of the front that is producing relatively intense precipitation. Note also the presence of shallow convection to the north of the front; as in the cold-frontal case (Fig. 4a) , the majority of these clouds appear to be producing precipitation. A comparison of Cloudsat (Fig. 10a ) and simulated ECMWF (Fig. 10b ) reveals, as in the cold-and warm-frontal cases described above, a very realistic distribution of cloud in the analysis. The primary difference can be found at the low levels to the north of the front, where the observed ref lectivity is much larger than that in the model. As with the warm-frontal case, this may be due to precipitation that is falling in nature, but immediately falls out of the model. It is interesting that, though the convection associated with the surface front is occurring on a scale much smaller than that of the model grid, the model still generates realistically large reflectivity values in this region. Each of the cases described above illustrates the utility of Cloudsat for examining features of midlatitude storms, because the reflectivity data offer the opportunity to evaluate the vertical and horizontal distribution of clouds associated with conceptual and numerical models, and to examine the meso-and microscale details of cloud internal structure.
SUMMARY.
The study of extratropical cyclone structure and development has a long and rich history, and, though the science is mature, many interesting research questions remain. Many of these center around the distribution of clouds and precipitation produced by these storms, as well as the feedback from cloud radiative forcing and the latent heat release to cyclone structure and dynamics. In this paper, we have looked at clouds and precipitation in midlatitude cyclones from a historical perspective, comparing modern observations of frontal clouds from Cloudsat with those depicted in the Norwegian Cyclone Model. We demonstrated that, though observed clouds bear a remarkable similarity to those in the NCM, Cloudsat reveals intriguing details about cloud internal structure. Following comparisons with the NCM, observations from Cloudsat were used to evaluate a numerical representation of frontal clouds and precipitation, and it was shown that Cloudsat can serve as a potent tool for model assessment. The analysis presented in this paper demonstrates that, because Cloudsat provides global observations of the internal structure of clouds, it is poised to add a key observational component to the rich tradition of research into extratropical features and evolution.
In closing, we would like to point out that, though the ECMWF analysis matched the Cloudsat observations quite well in each of the cases shown above, care must be taken when comparing an instrument with a very narrow swath width with model data gridded at much coarser resolution. First, there is the problem of representativeness, in which features observed by Cloudsat may not be indicative of the larger-scale cloud structure. In addition, cloud fields in the model are assumed to be averaged over an entire grid box, and hence comparisons certainly suffer from lack of treatment of subgrid variability. This is especially pronounced in the case of radar, in which the reflectivity is proportional to the sixth power of the particle diameter. Finally, the comparison takes no account of errors in the positioning of features; if the cyclone structure is correctly simulated in the model, but is not positioned correctly in space or time, the comparison might yield quite different results (Rife and Davis 2005 ). In the above cases, the problems of representativeness and positioning were minimized through the examination of Cloudsat tracks that intersected fronts either at or near perpendicular to the leading edge, but this issue must be accounted for in systematic comparison studies.
As a final note, we would like to point out that Cloudsat does not operate in isolation, but instead is embedded in the larger A-Train constellation of satellites, each of which is designed to provide a unique piece of information on the distribution of temperature, water vapor, clouds, and precipitation, as well as atmospheric chemistry. Taken together with Cloudsat, measurements from the A-Train as a whole yield a rich dataset of cloud, thermodynamic, and moisture information.
